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WATIONAL ADVISORY COMMITTEE FOR AEROWAUTICS

TECHENICAL NOTE NO., 864

THE ELICTRICAL STRUCTURE OF THUNDERST ORMS

By B. J. Workman, R. B. ‘Holzer, and G. T. Pelsor
SUMMARY

The time histories of thunderstorm charge distridbution
during three storms occurring during the summer of 1940 in )
the vicinity of the Albuguerque alrport were inveStigated ==
by the use of eight synchronized rescording electrometers
arranged in a particular pattern over g field 1.6 Ikilo- o
meters above sea level, The instruments produced simul- o
taneous records of the changes in the surface potential o T
gradient caused by lightning strokes and each one had a Cor
time-resolving power of 0.01 second. e e

Horizontal and vertical cross—sectional diagrams are
presented to show the instantaneous midinterval positions,
the signs, and the magnitudes of all charges involved in
strokes during specified uniform time intervals. A sfudy :
of the distribution of the charges showed that it was R
possible to identify definite regions of charge that per- D
sisted for intervals from 10 to greater than 30 minutes. T
These regions traveled with moving storms and had appréx- Tt T
imately the same velocity as the heavier rain sheets, In =~ -
one case where it was possible to compare the average veloc- N
ity 'of the charge regions with the average wind velocity at R—
the charge levels in advance of the storm, the two velocitias
agreed within 10 percent. S

.. e

INTRODUCTIOH

The study of the distribution of charge in a thunder- -
storm 1ls of importance both in the problem of determiﬂihg ot
the fundamental nature of thunderstorm processes and in the '
consideration of the safety of aircraft. The great complex-
ity of thunderstorms and the difficulties of making reliable ~~~ _
experimental observations under thunderstorm conditions have
made progress in the field very slow. Since 1929 there have =
been published the resuli{s of a number of investigations ’ S
(refsrences 1, 2, and 3) that have been carried ouk in an
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attempt to determine the broad features of thunderstorm
charge dispPrivution by measurements at the surface of the
earth or by measurements obtained from free balloons sent -
into thunderstorms. These results have been supplemented _
by observations (reference 4) of pilots who have flown —
through thunderstorms. In an attempt to obtain a dirsct
quantitative approach to the problem, there has been de-
vised. a method of studying charge strugture by making
simultaneously recorded measuroments of the potential
gradients and changes in potential gradients. at a number
of stations at the surfacs of ths earths

In reference 5 are reported some experlments made
in 1939 in which the potential-gradient recorders were
of a generating-voltmeter type that had a low time-re- . L=
solving power. Tor the experiments described herein, ’
recorders that measure potential-gradient changes with _
a higher time-resolving power than the first-mentlonsda— _ -
recorders were designed and constructed in order to odbtain a

a more complete picture of charge structure. The quanti-

tative results obtained are presented and thelr bgaring

on the problems of thunderstorm structure and alrcraft 4
safpty are discussed. The authors wish to ackowledge.. '
the cooperation of the staff at the Albuquerque staticn

of the United States Weather Buremau and, in particular,

that of Mr, E. L., Hardy, former offilcial in charge. The

writers also wish to expresg their appreclation of the _ -~
valuable services of Mr. Herschel Snodgrase for mainte- - L e
nance of—the ‘field equipment and eild in the analysis; of L
Mr. Max Bloakney for ascistamnce 'in construction of the B
instruments and in field observations; of Mrs. E. J.

Workman Ffor asslstance with observations; of Messrs. -
David Lyon, Lee Jay,.Johnr Bergsr, and Sydney Oplec for '
asgistance in laboratory and field.

THEORY OF METHOD

Any attempt to determine charge structure above the
surface of the earth by means of surface-gradient measure- X
ments is baged on the assumption that the earth is an ex~
tensive conducting body and that the net charge induced on
the earth in the vicinity of the ecloud is equal in magnlitude s
and opposite in sign to the net cloud charge above the sur-
face, 1In the simplest case with a single concentratod, or
spherically symmetrical, charge above a plane surface of
great extent the potential gradient (proportional to the
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induced surface density of charge) at any point on the
surface of the earth may be calculated simply by the method
of electrical imagss. ©Ej, the normal potontial gradient

at a point on the plane with coordinates x3, ¥3is, is

2Qz

E; =
; [(x-x4)® + (y~y1)®+ z2]3/a ()

in electrostatic units, wvhere x, y, 2 -are the space
coordinates of the charge and Q 1is its magnitude, It is
at once evident that, if the charge is to be located above
the plane and its magnitude is to be fixed by measurement

of surface gradients, the gradient must be simultanecously
observed at four points because there are to be determined
the four unknowns: x, ¥y, z, and Q. The four measuremelts
will yield four simultaneouns eguations similar to equation
(1), 1In a like manner, if there were n charges ahove the
plane, all of them could presumably be located and their i
magn1tudes specified by solving 4n simultaneous equations,
each having n terms similar to the right-hand side of
equation (1), If n is a number larger than two or three,
even 1f ‘methods of solution can be devisod, tue labor in-
volved in the, solutlon of the equations becomes prohlbitive.

Fortunately, the thunderstorm itseld provides a very
important simplifying factor that makes it possible to
locate the most significant storm charges. A livhtning
stroke will, in general, discharge a limited region of
charge of one sign in the case of a single cloud-nround
stroke and two llmlted regions of charge of opposite 31gn
in the case of a single stroke within the cloud., If meas~
urements of potential gradients are confined to the charges
involved in lightning strokes, the positions and magnitudes
of the charges in the regilons of greatest activity will Dbe
determined and the method of analysis will involve only the
location of single charges or charge dipoles, Under these
cirecumstances, charge positions and magnitudes can be detar-
mined by gradient measurements at seven stations at the sur-
face. Seven gtations can be used instend of eight because
the charges of a dipole are equal in magnitude. The calcu-
lations involve the solution of seven simultaneous eqdations,
In the present tests blght recording statlons were used as
s measure of safety 40 permit analysis in case of failure

of one instrument. /'

n
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Inasmuch as the potential gradient at any point on

the earth'!s surface 1s the resultant of the gradlents pro-
duced .at that point by all charges in the storm, the part
of the gradlent duye to the charges neutralized by a light-
ning stroke will be the change in gradient that occurs dur-
ing the stroke. Many lightning strokes consist of multiple
discharges over the same conducting channel at iIntervals of
the order of magnitude of & few hundredths of a second; a
gradient recorder capable of resolving one-hundredth second

or lecgs is therefore necessary if a large percentage of the __.

strokes of a single storm is to be analyzed. Rapld recordors
wore therefore designed to resolve the more complicated
strokes into single elemsents dralming single charges or
dipoleas. ' ’

FUNDAMENTAL. ASSUMPTIONS

The locatlion of charge structure by the method described
herein involves several assumptiodns that should be examined.

l., It is assumed that the earth i1s a conducting plans.
The conductivity of the earth has long been established by
other methods of measurement and is sufficiently great for
the purposes of this study. . The following data on topography
show that the site chosen for the observations approximeted
a plane. The instrument field, located to the east of
Albuquerque, is about 6 kilometers in diameter and has a
maximum difference of elevation of 0.075 kilometer. All
the land within 10 kilometers of the .center of the field
differs from it in elevation by less than 0.25 kllometer.
The Sandia range, which reaches an elevation of 1.2 kilo-
meters above the instument field 15 kilometers toc the east
and an elevation of 1.7 kilometers above the field 21 kilo-
meters to the northeast, cannot produce appreciable distoxr~-
tlon of the measured surface gradients at this distancs
from the instrument field.

=,

2. It is assumed that the charges are concentrated
or spherically symmetrical, It is at once evident that
this agssumption cannot be sxactly satisfied; hence, some
estimate of the effect of charge asymmetry should bc made.
The best evidence for the validity of the assumption liles
in the fact that definite solutions are obtained for charge
structure involved in a very large perceontage of all light-
ning strokes when this assumption is used. It is of interest,
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howevep, to make some estimates of the volume cccupied
by a chazrge. o

It may be assumed, for purposes of calculation, tnat
the charge is spherically symmetrical and has uniform density.
Under these circumstances the .maximum potential gradient,
which will occur at the surface of the charge, is givan by
the relation

E = 90 @/R® : (2)

where E 1is in volts per centimster, Q in coulombs,
and R in kilometers, If it is assumsd, as in rcforence
6, that the breakdown gradient within the cloud is 10,000
volts pecr contimeter the maximum radius of any spherical
charge of magnitude @ can be estimated:

R = 0.095 ,/ q - (3)

A charge of 28 coulombs would have a diameter of ‘abouwt 1
kilometer. The actual volume of the charge would probably '
be somewhat larger than this wvalue but not of a dlfferent
order of magnitude. :

Several calculations of surface gradients produced by
nonuniform distributions of charge within a volume 2
"kilometers in diameter and 5 kilometers above the surface
were made. The more unfavorable distributions produced

surface gradients that differed by less than 10 percent
from those due to a uniform charge distribution., The cal~"
culations show that at distances of several kilometers above
the surface the shape of the charge will not materlally
affect its location provided that its maximum linear dimen-
sion 1s not zreater than 2 kilometers. -

3. It is assumed that the only significant charge. redis-
tributions in the thunderstorm during the short interval of
the lightning stroke are the ones that are due to charge
transport in the stroke itself. While all the charges 1n
a thunderstorm are space charges in the broadest scnse,
two types may be distinguished: The.charges that are at-
tached to water drops and the charges due to concentrations
of atmospheric ions., The mobilities of the two types of
charge are enormously different and it may be safely assumed
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that during the interval in which a lightning stroke occurs
the charges on drops not in the immediate vicinity of the
stroke itself are stationary. Laboratory experiments on

the mobility of atmospheric ions give values of 1l.4 and

1.8 centimeters per second per volt per centimeter for
positive and negative ions, respectively., Near the sur-~
face of the earth, where the gradients. are characteristi-
cally of the order of 100 volts per centimeter, the veloc-
ities of atmospheric ions would be of the order of magnitudo
of 100 centimeters per second. During a long stroke, per-
sisting for 0.1 second, the ions would move about 10 centi-
meters. In general, the ionic displacement will be appre-~
ciably less than the displacement Just given and will
generally produce negligible alteration of the space charge.
The velocities of atmospheric icns closer to the charge cen-—
ters may be 100 or more times greater than they are at the
surface, but thelr greater distance from the recording in-
struments would make this effect gquifte negligible,

The possibility remains that a change in gradient at
the surface might sweep some of these lons to the electrode
of the recording instrument. If it is assumed that the
charges in a volume 10 centimeters deep Just above the
electrode of the field instrument are swept to the clectrode
during the stroke and 1f the charge density were groat
enough to producc a vortical gradient of the potential
gradient equal to 1 volt per centimeter por cemtimeter,
tho error introduced is 10 percent whon the gradient is
100 volts per centimeter. Inasmuch as theso asgumcd valuos
arc cxtremc, this effect can be safcly ignored ian practico,

FIELD APPARATUS

The field apparatus consisted of eight separate re-
cording stations., ©Each station (fig. 1) consisted of a
cylindrical steel tank 3% feet in diameter and 6 feet
deep provided with a top L that could be lifted and
rotated about a vertical shaft 8§ to permit entrance
for servicing equipment: ~ The top of the tank was fitted
with a cirecular steel electrode E 3% feet in diameter,
insulated from the top by means of a wax-covered glass
insulator. The recording apparatus .R was placed in an
offset welded to the tank 2 feet—=ambove the bottom. The
recording apparatus consisted of a guartz-fiber string
electrometer, e¢lectrometer batteries, a 500-watt projec-
tion lamp, a condenser lens for illuminating the fiber, a
recording camera, and a synchronous motor and gear train
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for driving the film, The electrometer fiber was connected
to the electrode above the tank by a metal chain and also

to ground through a 1000 megohm reslistance, so that it re-
mained at ground potential except during rapid changes in

the potential gradient at the electrode. The time constant
of the elegctromster system was thus adjustcd to appro¥imately
1 second and the period of the electrometer %o approximatoly
0.0l sccond, The deflection of the electrometer was magni-
fied 10 times by the achrometic lens of the recording camera,

The camera magazine held 100 fcet of 16-millimeter
motion-picture film that was driven continuously at the’ ’ -
rate of one frame (0.3 in,) in 2.4 seconds; when the film
image was magnified 20 tiwes, intervals of one- hundradth
second could be observed without difficulty.

Fach tank was buried in the ground in such a mauner
that the electrode was approximately at the level 0f the
surrounding terrain, The recording apparatus in the off-

set 4 feet below the surface was not subject to large
diurnal temperature fluctuations and no difficulty with
changing electrometer calibration or battery voltages was
experienced, R— T

The power supply for each tank station was 115-volt
altornating-current, Within the tank the alternating-
current leads, the plugs, the lamp, and the motor weré
carefully shielded from the electrometer system, Qutside
the tank, the leads were buried a few inches in the ground
and carried to a switch at & power line not less than 400
feet from the tank, so that the power line.was never higher .
than 5° above the horizon when viewed from the tank. A
space 40 feet in diameter around cach tank was cleared of
wild grass and other small plants to eliminate local irreg-
ularities. L -

The calibration of the instrument to recad changes in
potential gradients was accomplished in the following way.
FPirst, a voltage calibration of tlhe electrometer was ob-
tained. Then a circular screen 14 feet in diameter was
mounted parallel to the top of the instrument, A definite
potential difference was establlshedwﬁéfieen_fhe'scfeeﬁ
and. the electrode; and the electromater deflsaction was
observiéd when the screen potential was suddeunly reducod to
zoro. Repeated tests were made with s .wide. range:of poten-
tial difforences and screen-electrode separations. The ratio
of potential-gradient changes at the electrode to potential
changes of the slsctrometer (a constant) was thus detormined.
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Thereafter, it was necessary only to chéck the voltage
calibration of the electrometer. During the period when
observations were made, the voltage'calibration_and a chack
of ths time constant of the electrometer system werc made
within a few hours of each storm for which measurements waere

obtained.,
FIXLD PROCEDURE

On days when thunderstorms weére expected, an observer
was stationed at_ the tower of the administrstion building
at Albuguergue municipal airport.. When a thunderstorm
development within an hour secoemed probable, the obsorvor
called the field crew of three to thelr respective stations.
When a thunderstorm. that might influence the field lunstruments
was imminent, the observer ordered the instruments turned on.
The time required to stwrt the eight instruments was usually
from 8 to 10 minutes. At the close of the storm, the field
crew was directed to turn the dianstruments off. The field
crew recorded the time to the nearcst second when sach
instrument was turned on and off to facilitatc subscquent
synchronlzation of records,

The observer and an assistant meanwhile recorded
pertinent storm data, such as position of cloud; develop-
ment of rain sheets; position, time, and character of
lightning; time and duration of thunder; storm motion and
miscellanseous observations. The rscording was greatly
facilitated by a specially constructed recorder carrying
a 6~inch paper taps driven by a synchronous motor. With
this recorder a gingle pencil stroke in the appropriate
column on the tape was sufficient to record the time of
any event and the assistant was left~frec to make special
notes,

METHODS OF ANALYSIS

All the data for doterminlng potontial- gradient chaages
at vach instrument were obtained from the photographic films
giving a continuous record of the deflection of the eluctrom-
otor fiber. TFor the purpose of reading the film redords and
determining the time, a Kodascope Model D projector was filttwod
with a gear train to turn indicator disks in order that the
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time of any event projected on the screen could be read
.directly. The projector was provided with a Paylor-Hobson
Cooke lens with a foceal length of 1 inch and an apsrture

of f/l.5. The image of the recorder trace was magnified

20 times for ease in reading, The flatness of the fisld

was chec¢ked, . The calibration data indicated that thas fibsr
displacement was approximately proportional to its poteatial
and, to the same extent, proportional to changes in potential
gradient. '

W¥henno rapid change in the potential gradient occurs,
the electrometer trace 1s a straight line. When tkhe gradient
change ocecurs in less than 0,01 second, the trace resembles
that of figure 2 (a}, where AB measures the sudden change
in-electrometer potential and BC 1s an expomential-decay -
curve determined by the time constant of the system, - In this
case AB is proportional to the change in potential gradient
"to & high degree of approximation. o

When the gradient change is slow, occupyring several
hundredths to several tenths of a second, the trace -resembles
figure 2 (b). The maximum electrometsr deflection' EF 1is no
longer proportional to the gradiernt change in the interval
¥, since charge was leaking off during the intarval. Cor-
rections for this leakage may be made in the following manner:
If no leakage had occurred, the deflection (potential change
at the electrometer) would have been greater than that ob-

- -..F

served by the amount ﬁ? ¥V 4t where R 1is the re-
. YD '

sistance to ground, ¢ the capacitance of the electrometer
system, V. the ‘electrometer potential, znd ¢ the fime. The

gradient change is ‘then proportional to EF + f%’J/1 v at
D

and the correction term is proportional to the area DEF.
Graphical methods employing the calibration data wers de-
vised to make corrections when necessary. Figurc 3 shows
contact prints of the original film records for charactor=-
istic gradient changes occurring during lighining strokes.

When the data for a single storm were analyzed, the
records of the separate instruments were synchronized with
each other and with the observer!s record. (Corresponding
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gradient changes wers then determined for each of the
eight -instruments and for every possible gtroke element.

The next step weas to determine the charge structure
neutralized by a lightning stroke that produced the ob~
served gradient changes,  If the 1lndividual gradlient changses
were known with mathematical accuracy, it might have been
rossible to develop & mathematical procedure for solving
eight simultaneous equations without too much labor., Since
the magnitudes of the gradient changes in different parts
of the ficld differed by factors of 2 $0 20, however, the
percentage accuracy with which the gredicnt changes could
be meoasured varied widsely, amounting to 20 psrcent or more
for some of the smallest changes. It was, therefore, im-
possible to cbtain aunigue solution for a set of data: there
was obtained instead solutions that grouped themselves _ . _._
around a most probable value., Preliminary work on a few
solutions was done by a series of successive approximations.
In each attempt %o obtain a solution a chargze structure was
assumed, the gradients produced by the charge structure were
calculated, and the calculated gradients were compared with
the observed gradlents. The process consimed a large amount
of time and depended greatly on the gkill of the analyst,.

It was therefore decided to build 2 mechanical analyser
that would enormously speed up the process of approximating
a solution,

DESCRIFTION AND USE OF THE ANALYZER

The analyzer, consiructed for the purposc of determining
the charge structure that produced any given set of gradients
at the recording instruments, ls shown in figure 4. Essen~
tially, the instrument consisted of two sets of eight pins
that could be displaced vertically. ©Each set had the same
relative horizontal position, on reduced scele, as the fileld
recorders, - Curved metal surfaces, which represented the
horizontal distributions of the potential gradient under a
charge of definite height, could be moved about under each
86t of pins. The differential displacement of pin pairs
(one from each set, corresponding to one field recorder)
was transmitted to a group of eight dial gages by a system
of levers. The gage readings indicated when a solution had
been obtained. The location of the charge structure could
be determined from the positions of the curved surfaces and
the particular palr of surfaces used. The details of its
construction, operation, .and use are given in the following
paragraphs. :
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The instrument bed was a steel channel iron with a
surface 12 by 30 inches planed to within less than 0,001
inch. A steel plate 18 inches square was mounted perpen-
dicular to the instrument bed on a substantial cast-iron
bracket. The lower edge of the plate was parallel to the

bed and 4.5 inches above 1t, There were eight sets of _
moving parts, similar in design, one set of which is shown
in figure 5., The surfaces § and 8! were made of cast-

aluminum piston alloy and were turned on a lathe to an
accuracy of 0,001 inch. Allowance for the shape of the
pins (P, P!') was made in turning by making the lathe-tool
profile the same as an axial section of the pin., The sur-
faces were 7 inches in diameter, Thelr horizontal scale
was 4 kilometers to the inch and their vertical scale was
2000 volts per centimeter to the inch. Each was constructed
for a 100-coulomb charge at a definite height above the
surface of the earth, and the shape of the surface repre-
sented the horizontal distribution of the gradients under
the charge., In use, the surfaces were free t0 move over
the steel bPed B at any position under the sets of pins.
Coordinate systems were scratched in the stesl bed under
each set of pins so that the horizontal displacement of

the center of the surface from the center of the instrument
field, that is, the middle pin, could be read directly.

Since the surfaces S and S' each represents a charge
of one definite height, it was necessary to have several
surfaces for charges at various heights. EBighteen such
surfaces ~ nine convex and nine concave - were constructed
for heights from 3 to 7 kilometers at half-kilometer in-
tervals. Previous tests had shown thils range to be the
one in which most lightning stroke charges were found.
Figure 6 is a photograph of three convex surfaces for 100-
coulomb charges at 3, 4, and 5 kilometars. The marked change
in the shape of the surface with charge elevation in this
range of charge heights is well illustrated.

Now, when a surface S corresponding to a 100-coulomd
positive charge at height =z was located so that its hori-~
zontal coordinates with respect to the center of the field'
were X and y, and when a surface S! corresponding to a
10Qcoulomb negative charge at height 2z! was located so that
its horizontal coordinates with respect to the center of the
field were =x! and y!, the algebraic sum of the displacements
of P and P! (ecach corresponding to the same ficld instru-
ment) measured the resultant gradient at this instrument due
to the charge dipole: +100 coulombs at x, y, 2 and =~100
coulombs at =x!, y!, and z!. Thig resultant graedient was
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proportional'to the displécement of the midpoint M of
a connecting bar ( mounted on knife edges in slots
through the pins " P and P!,

The midpoint M was connected by a link L to the
end point N  of & ratiovarm R which had a horizontal
axis at 0. The arm R .turned on a :.shaft supported by
‘s bearing 1n the vertical plate V. Above the ratio arm
a fixed bar P, also supported by the plate . V, carried
an Ames dlal_-gage D in a special mount so that it .could
be moved to any point on the ratio arm. The dial read=-

ing was now - <§O><E> where E was the algebraic sum

of the displacements 0of the pins P and P!. E is the
resultant gradient £or the 100-coulomd dipole, represented
br the surfaces S and S!', at the recorder rapresented
by the pins P and P!,

The other seven assemblies representing the other
seven fleld recorders were similarly constructed. For any
given dipole position, the condition that all the gages have
the same deflection was that XO oc 1/E. Conversely, when
‘each of the various arms similar t0 XO was made inversely
proportional to observed gradient changes at their respective
ingtruments, the position of the s tructure responsible for
those gradient changes was indicated by the surfaces used
and their positions when all the pgages had the same de-
flection. Since E 1is the gradient for a 100-coulond
dipole, ‘Ep the gradient for a Q-coulomd dipole in the
same positlion would be Eg = Q/100 E. It follows that

charge of the dipole under consldsration is Q= £9 (§$>

The procedure ordinarily used in determining a charge
structure was ag follows:

l, A group of corresponding gradient changes for
the eight instrumants was selected. The reciprocals of
the gradient changes were ¢alculated and the K positions
were set so that the distances X0 werce proportional to
.the reciprocal gradiénts. ' . o

2 Two flat plates were placcd under thc pins and
the gage zZeros wore checked.

3. Tho operator examined the gradient pattern and
decided, on the basis of the ‘symdetry of the ficld and the
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relative gradient magnitudes, whether the charge: structure
was apt to be a dipole or a single charge. He also esti-
mated’ the probable charge heights. A skilled operator
could make a good approximation. on the first attempt,

4, One flat surface and one curved surface were
used for a& single charge and one concave and one convex
surface were used for a dipole. :

5. The operator adjusted the horizoantal position of
the surfaceswhile observing the dial gages. If the saslzcted
surfaces failsed to give a solution, the gage rbadings usually
sugzested the surfaces that should be tried naext, Successive
triszls were made until a range of approximate solutlons was
obtainsed.

ACCURACY OF ANALYSIS

It is difficult to assign a sinple probsble error to
tae results of the analysis., A more satisfactory method
of indicating the accuracy of the results is to describe
the tolerances allowed in obtaining a solution and the
spread of the results that were accepted as solutions,

It was possivle to determine gradient changes on
each instrument within less than 0.5 volt per centimeter.
Ths percentage accuracy of each reading in a set then de~
pended upon its absolute magnitude. The operator was guided
in seeking a soluticn by the fact that the allowable dsviation
of any particular gage readling from the others when a solution
was approximated was directly proportional to the ratio-~erm
setting. When & group of solutions for a set of date had been
obtoined, the most accurate (as determined by the equallty of
the gage readings) was selected. The mean deviation of the
various solutions in a given set from the accepted solution
was approXximately 1 kilometer in horizontal charge positioa
and 0.5 kilometer in vertical position, Among a '‘group of
acceptable solutions, the charge magnitude varied with the
position coordinates of the charge. For 51ngle charwes(heu-
tralized by cloud-ground stokes), or for dipoles with large
separation (neutrallzed by intracloud strokes), the charge
magnitudes varied about 20 percent with chargs positions
for the various accoptable solutions. In the case of shori
dipoles, the charge magnitude assoclated with a Bolution
was very sensitive to charge separatxon, which 1s to beo
expcected because the dlpolo moment is the product of the
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charge and the charge 'separation, Dipoles with small:
separation (1 km) are relatively ianfrequent, ‘however,
and the charge averages are not materiallj affected by
this uwncértainty.

RESULTS OF STROKE ANALYSIS

Three storms occurring on August 185, Sepitember 3,
and September 10, 1940, respectively, were analyzed,
Analyses were attempted for 312 sftroke elements and
187 satisfactory solutions were obtained. Tables I, II,
and III give the time, the type of stroke, the position
coordinates of the charges, and the charge magnitude for
the successful analyses. The letters following the time
of the stroke designate the particular stroke element., The
charge coordinates are all measured in kilometers distance
from the c¢enter of the instrument field. The positive x-~
axis 1s east, and the positive y-axis, north. The coordinate
z 1is the distance above the surface and 1ltw slgn represents
the sign of the charge to which the set of coordinates
applies, It should be noted that the surface of the lanstru-
ment field 1s 1.6 kilometers above sea level, The charge
magnitndes are given in coulombdbg,

Satisfactory sclutions were obtained for 60 percont
of all sets of data attempted. The causes of faillure to
obtain satisfactory solutions in the other 40 percent of
the cases are summarized as follows:

ls In 22 percent of the cases, the gradient changes
at several, or all, of the instruments were so small that
the error in reading the electrometer deflection precluded a
unique solution.

: 2. 'In 3 percent. of the caées, elecfrometsr-déflections
. of two or more instruments were off scale and. could not. be
extrapolated, ‘

3;_ In 7 perceni of the cases the racord or two or more
instruments was illegible or otherwise indeterminate.

4. In 8 percont of the cascs, the data obtained wcre
apparcntly adequate but failed to fit any simple charge
distribution. In the lattor cascs it appears that the
assumption of a single concentrated charge or two concen=-
tratod dipole charges is not satisfied. The most likely
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causes of the failure of this assumption are the dsvelopment
of a large branch of the lightning stroke that would carry
charge over an irregular and extensive volume and the devel~
opment of an ailr discharge, that is, & lightning stroks
which extends into the region below the cloud base but does
not reach the ground, _

The time between the lightning flash and the thunder
was observed ir the case of a large number of strokes
enalyzed and offers an independent check on the accuracy
of the location of charge positions. There are a number
of situations in which thundsr observations are equivocal,
If two strokes occur a few seconds apart, the thunder from
the two may overlap. If 8 neardby stroke occurs after =a
more distant stroke, it is frequeatly impossible to deter-
mine the thunder time for the distant stroke, or for either
stroke, in case both strokes are at conslderable distances
from the observer, After all doubtful records have been
discarded, there is still a large percentage of cases in
which thunder can be clearly associated with a particular
stroke. The distance in kilometers from the observer to
the nearest portion of the lightning channel was obtained
by dividing the thunder interval, in ssconds, by 3. This
distance was compared with the distance from the observer
to the nearest portion of the charge structure or, in some
cases, the nearest portion of the sitraight line Joining
the charges of a dipole. That this comparison cannot be
exact is at once clear, since lightning strokes do not
- travel in straight lines and since some strokes have
branches of considerable length. The two calculations
agreed, however, within 1 kilometer in 47 percent of the
cases, within 2 kilometers in ‘62 percent of the cases, and
within 3 kilometers in 80 percent of the cases, Ths re-
maining 20 percent of the cases with 3- to B-kilometer
deviations were all distant strokes and the observer may
have failed to distinguish the first thunder.

The observer also recorded the range of azimuth angles
subtended by the observed lightning stroke.or the region
of cloud~base i1llumination in the case of intracloud strokes,
Because of the irregular nature of the lightning channel,
and particularly because of the unknown course of the
channel when obscured by clouds, precise agreement cannot
be expected,

It is, however, interesting to note that the direction
of the calculated charge structure and the observed stroke
or cloud illumination were generally less than 10° apart,
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Since the thunder and angle checks are quite independent
of the electrical measurements and analysis, they con-
stitute a verification of the essentlal correctness of
the analysis and the validlty of the fundamental assumpe-
tions underlyling the analysis.

Average values for charge data, computed for the
strokes analyzed, are of interest in that they give a
reliable order of magnitude., The average charge neutral-
ized by a stroke element is 6.5 coulombs and the average
value of the charge neutralized by s lightaing stroke
(the sum of the separate charges neutralized by the various
elements of the stroke in the case of repested strokes) is
24 coulombs. The effect of the small unanalyzecd elements
has been estimated and compensated for in computing the
averages.

Average values of charge heights and horizontal-charge
spacing are not affected as much by theé elimination of the
group of small charges as are charrewmagnitude averages,
since there is no a priori reason to assume that The un=-
analyzed charges are at a charecteristically diffeérent
height from those changes analyzed, Further, a comparlson
of ~the original data for the strokes" analyzed and those
not analyzed shows that the ratios 6f maximpum to minimum
gradlient changes observed for each stroke are not sensibdly
differont, which indicates that the charges lie in the same
range of heights above the surface. The striking effect
of the height of the charge on-the surface-gradient dis-
tribution is well shown by the contours of the plates in
figure 6,

The weighted mean helght of the negative charges
above the 'surface was 5.2 kilometers and of the positive
charges 1is 5.8 kilometers, The weighted mean horizontal
separation of charges involved in an intracloud stroke
was 3 kilometers. The heights of both positive and nega-
tive charges ranged between 4 and 7 kilometers while the
horizontal separations varied from 1 to 10 killometers,

In the three storms studied, cloud-growmd strokes were
observed only on August 15, All these strokes transported
nagative charge to ground. The writers had made this samo
observation for several &torms in 1939, Also, tests were
conducted in 1941 with a single sensitlive generating volt-
meter, If a cloud-ground stroke only transports negative

charge %o the ground, the gradlent change at all'observ1ng
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stations on the ground, however distaant, must be positive.
Approximately 100 cloud-ground strokes in the 1941 season
all produced positive gradient changes, regardless of ths
distance of the stroke from the observing station. Intra-
cloud strokes produced gradlient changes of both signs, de-
pending on their position with respect to the observing
station,

It is interesting to note that in the case of a siroke
that an observer would classify as a cloud-—-ground stroks,
some ¢lements may transport negative charge to ground, butb
one or more elements not visible to the observer may dis-
charge dipoles within the cloud. In the storm of August
15, for example (table I), the strokes occurring at 6:35:13
and 6:48:20 ars of this type. Even though more negative
than positive charge is noutralized in a stroke of this
type, there is in some cases a small region at the surface
wvhere negative rather than positive gradieant changes would
be observed, This result clearly indicates that conclusive
evidence of transport of positive charge to ground in a
cloud~ground stroke could not be obtained with a single
recorder. It is possible that therc arc some circumstances
in which cloud~ground strokes cariry positive charge to
ground. If such strokes-do exist, however, they are rare,

CORRELATIONS WITE METEQOROLOGICAL DATA

After a charge analysis had been checked againgt thunder
and position observations on the individual lightning strokes
and after the purely statistical study of the results had
been made, an attempt to correlafte the resulis with meteorcl-
ogical conditions in the storm was madse, This attempt led
to a number of interesting results. '

If the charge analyses of the separate storm strokes
are to be used for locating regions of charge within c¢louds,
several considerations must be borne in mind., If the charge
region in a cloud is ‘extensive, & single stroke with its
separate elements may dlscharge only a part of the region.
If an attempt at a more careful delineation of the regilon

is made by plotting the positions of several successive
strokes that occur in a definite interval of time, the storm
motion during the interval may produce apparent distortion,
Further, if two charge regions are adjacent, the storm motion
during the interval may create apparent anomalies by makirg
the region boundaries indeterminatse., In order to sliminate
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these difficulties and determine the approximate boundariles
-0of charge regions, ‘the following procedure was adopted.  All
the charges in a given storm were plotted on a chart with the
vallie of either the .x or the .y coordinate plotted against
time. The remaining horizontal coordinate (y or x) was then
indicated by a number entered on the chart beside the charge.
Figure 7 dillustrates the method as used to study the nega-
tive -oharges of the storm af August 15, The 'y coordinates
of the charges are plotted horizontally and the time is plotted
vertically. The numbers entered on the chart represent the
x coordinates of the charges. ZExamination of the diagran

'..shows that there ars thrse groups .of chaxges with similar

X coordinatses in any time interval. that-lie in bands sloping
downward and to the right. =Each band represents ons region
of charge moving with the storm. The slope of the band, in-
dicated by the sloping dashed lines, is a measure of the ¥
-component of the velocity of the region. The x .components
of the velocities of the regions weére dstermined in a similar
menner. The same procedure was used for both positive and
negative charges in each storm and the negativo regions in
each storm were des1gnated by odd numbers, thé positive
regions-.by even numbers. L

Horizontal diagrams were then plotted for a definite
tlme in thg middle of the-interval to.be represented. Each
charge occurring within the interval was ‘displaced so that
its plotted .position was the p031tion it would have had at
the instarnt for .which the diagram-was plotted rather than
the position o;,the charge at the time the 1ightn1ng stroke
occurred. It was assumed that the velocity of fthe region
as determined Dby the method Just described and essentially
.constant for all parts of the region. Both horizontal and
vertical diagrams of the charge positions were prepared
in this way for the three storms studied. These diagrams
are shown in figures 8, 9, 1ll1l, 12, and 14. In addition,
two diagrams, figures 10 and'ls, showing the mean horizontal
paths of the charge regions have been ptbpared.

) In all the horizontal dlsgrams, the positive and the
negative charges neutralized by the same intracloud stroke
were connected by straight lines except in the case of the
storm of September 10. In all the vertical diagrams, nega-
tive charges neutralized by cloud—ground strokes aré councctod
to ground by a vertical line. All the diagrams exhibiting
horizontal distribution of—chargps show the origin of- the
coordinate system (the—center of the ingtrument f£leld) O

and the alirport tower AP, where the observer was stationed.
All the vertical disgrams show, in addition %o the origin
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of coordinates, the cloud base B and the vertical dis-
tribution of temperaturss calculated as descridbed in the
following paragraph., On esach diagram, horizontal or ver=-
tlcal, the length of the interval is that during which
the plotted charges were neutralized by strokes,

The meteorological data for the storms consisted
partly of visual observations and partly of data supplied
by the Albuquerque station of the United States Weather
Bureau. Table IV glves the slevation of the condeasation
levels and the various isothermal surfaces in the three
storms., The vertical distribution of temperature was
calculated by use of the surface temperature and the
humidity immediately before the storm and by assumption
of a dry adiabatic lapse rate until the condensation level
was reached, and & psuedoadiabatic lapse rate within the
cloud. The condensation level agrees wéll with observed
elevetion of the cloud base at the beginning of the storm,

Table V gives the msan charge heights above the sur-
face for each storm day and the temperature range in the
region where charges were found. Table VI shows the ver-
tical distribution of the winds at 3:00 p.m. on each storm
day. The observations on September 3 were made as the
storm approached the Weather Bureau station and ceased at
the point where the pilot balloon entered a cloud (not the
base of the storm). These observations are, therefore, less
complete and religble than the observations for the other
2 days.

The azimuth angle subtended by the rain sheets at
the alrport station are recorded on the diagrams showing
horizontal charge distribution., Within the angle, the time
of the observation and the character of the rain sheet are
indicated. On the charts, L 1indicates a light or trans-
lucent rain sheet and H 1indicates a heavy or opaque rain
sheet,

The results of the analysis of the charge distributions
and meteorologlcal data are summarized by storms.

Storm of August 15, 1940
The storm developed between 10 and 20 kilometers

north of the instrument field about 6:00 p.m. The first
thunder from a stroke 16 kilometers distant was heard at
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6:14 p.m. and all the recorders wepe in operation at 6:27
p.m. . The storm was woll developod but not old .at tho timo
tha. clectrical records began., Figure 8 shows the horizontal
distribution of charges at 8-minute intervals and figure 9
showsthe vertical distribution for the same intervals, Six
reaions, three negative and three posit1ve, were clearly
identified, There is evidence of two other short-lived
negative regions that have been left unnumbered., The posi-~
tive charges . lay princlpally to the west of the noegative
chargeg hut arfow? ‘positive charges were also found to the
sast. All regions moved toward the southeast with an
average velocity of 20 kilometers per hour, The negative
regions had a mean velocity of 22 kilometers per hour;

while the positive regions had a mean velocity of 17 kllo=-
meters per hour, Figure 10 shows that paths of the centers
are nearly parallel and have the curvature of an anticyclonic
wind system,

The negative centers remaln ncarly l-kilometor below
the positive centers throughout the storm, but the average
height ©f both negative and positive centers decreasos
nearly 1 kilometer from the filrst to the last interval.

The stroke fregquency decrsasee with time. Ground strokes,
which predominate in the early part of the storm, are not
observed in the last part of the storm. 4 few charges
appearlng in table I and associated with & weak storm west
of the one shown were omitted in plotting the diagrams.,
The strokes were so infreguent that no attempt was made to
locate charge regilons. o L :

The rain sheets were of moderate intensity and moved
in the same direction as the centers with a velocity of
about 20 kilometers per hour. Accurate locatlon with respect
to the positive and the negetive centors was not fueasible
because of the distanco from the observer. It i1s interesting
to note that the average wind velgcilty in the region betwesn
3.5 and B.5 kilometers above the surface was 18 kilometere
per hour NW at—3:00 p.m. This value is in good agreement
with the obssrved velocity of Voth rain sheets and charge
centsrs, The angles subtended by the rain shests were in
good agreemecnt with angles subtended by active charge coenters,

Storm of September 3, 1940

The storm was west of the instrument field and fully
doveloped at 2:50 p.m., vhen the observations werte begun.
Recorders were turned on by 3:11 p.m., as the storm was
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moving east, north of the instrument field. The cloud base

oxtended at least 20 kilometers in a N-§ direction and more

than 20 kilometers in an E-W direction. The rain sheet was

very extensive but denser portions could be identified and

foilowed,
In figure 11,which shows the horizontal distribution

of charges at 6-minute intervals, 16 centers of activity

were located. 0f these reglons, regions 5, 7, 11, 17, and

19 could be traced from 6 to 12 minutes, Of the regions

that had longer life, regionsg 6, 9, 10, and 13 were less

active than the rest and were never marked by moré than

two discharges in any one 6-minute interval, It should

be noted that, in the first intervals studied, most of

tho regions were well defined by frequent strokes. In the

later interwals, as the storm intensity was decreééing, only

one or two regions were clearly defined. The motion of all

the centers was essentially west to east with a mean velocity

of 20 kilometers per hour. (Ses fig. 13.) The avecrage veloec~

ity of 'the negative centers was 24 kilometers por hour;while

that of the positive conters was only 16 kilometers per hour,

All tho positive centers were slower than 22 wilometers pear

hour and all the negative centers were faster than 20 kilo-

meters per hour, The paths of the centers that could be

distineguished longest had the curvature of an anticycloniec

wind system, as in the case of the centers in the storm

of August 15. : :

Region 3 is interesting in thaet, ‘while it was most
active, 1t was fairly extensive and, as its activity
diminished, i1t seemed to be progressively more constricted
by the adjacent positive regions. Its behavior indicates
a close correlation between its electricdal and dynamical
importance in the storm, -

During the early part of the storm, the positive
regions tended to lie behind (relative to storm motion)
the negative regions in fairly regular array. In the
later part of the storm, the distribution was less regular,
Throughout the storm the positive charges were, on the
average, about 0,7 kilometer higher than the negativse
charges, (See fig. 12.) ©No satisfactory correlation of
the charge height and age of charge region could be found
because of the complexity of the storm and bescause of the
infrequent lightning activity in the last intervals.

All lightning strokes were within the cloud during
the. period of observation. The stroke frequency deoreased
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markedly from .the-beglnning t¢ the end of the perilod.

That the 'storm was actually dlssipating at the end of

the period of observation 1s clearly shown by the fact
that no lightning strokes were observed after 3:55 p.m.
although the west side of the cloud-overlay the instrument
field and 15 kilometers of its vbase in an cast-to-west
direction were visible. The irregularities of the last
part of the storm were doubtless due to the weakening of
the updrafts and the resultant slow mixing. .

Because the wind observations for 3:00 p.m. of this
date stop at 4.5 kilometers above the surface, it is im-
poseible to make very satisfactory comparison with motions
of charge regions. All the observed winds higher than the
cloud base of the advancing storm are between WNW and WSV,
coansistent with the direction of storm motion. The wind
at 4,5 kilometers, 10 meters per second or 36 kilometers
per nour, is much higher than the observed velocity of the
charge centers. Because the storm was already approaching
at the time of the wind observations, it 1s probable that
subsidence in advance of the storm may have influenced the
magnitudes of the wind velocities. The obscrvations on
the rate of advance of rain sheets varied from 16 to 24
kilometers per hour, which is in satisfactory egreement
wlth the average of 20 kilometers per hour for the charge
centers, - .

Storm of September 10, 1940

The storm developed northeast of the instrument field
in the approximate position shown 1n figure ‘14 between 4:25
p.ms and 4:30 p.m. - The instruments were. all operating at
4:42 p.m. The storm was relatively weak ‘and lasted less
than 1 hour. No cloud~ground strokes were observed through-
out its duration.  Only two charge reglons, one negative
and_-.one posgitive, were. found and thege showed no evidence
of progressive displacement . although the reglorn of the -
greatest activity and .the .amount .of the actlvity varied’
with time., The negative region was at all times west of
the positive. region. The rain sheete observed in the di-
rection vf the charge centers were light at all times. In
the first 10 minutes of the storm, the negative charges
were on the average, 0.5 kilometer lower $than the positive
charges. Subseguently, the positive charges dropped to the
same elevatlion and finally to 0.7 kilometer below.

The vertical distribution of the winds at 3:00 p.m.
is very illuminating in this storm situation. The winds
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in the first kilometer above. the surface are strong
easterlies; whercas, the winds at high levels are very
strong westerlles, ipcreasing with height to 12,5 kilo-
meters above the surface where the welocity reaches 130
kilometers per hour. The same general wind pattern was
also shown in the wind observations at 9:00 a.m, and o -
9:00 p.m. of September 10 and must have existed at the
time of the storm. It is at once evident that under

the powerful shearing action at high levels, no thunder-
head could achisve great elevation and intense storm

is not to be expected. Convection penctrating from the
lower to the higher levels in the atmosphere would tend

to transfer westward momentum upward so that in the region
where westerly current is not to20 strong & column could
rise nearly vertically. Absve 6 or 7 kilometers, however,
marked shearing action would tend to blow the upper por-
tion of the cloud to the east relative t5 the base.

The tendency of the storm to remain in the same
general position under these conditions is not difficult
to understant although the situation is inherently un-

stable.

The storm is of particular importance hecause of
the evidence it supplies on relative positions of charges.
With an essentially stationary storm and increasing wester-
ly winds aloft, it follows that those charges carried to
greatest heights in the updraft must experience displace-
ment to the cast. The storm shows clearly that the positive
charges are the ones so displacad. .

SUMMARY OF RESULTS

The principal results of the exporimental-data study
may be summarized as follows:

l. The average charge neutralized by a lightning
stroke in the storms studied is 24 coulombs. The result
is 1n essential agreement with the previous results re-
ported in reference 5 and with those of McRachron (refer-~
ence 7), who found 30- and 35-coulomb averages for cloud-
ground strokes only, '

2. The principal charges drained by lightning strokes
are several kilometers above the cloud base, in the region
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where the temperatures are between =-5°¢ and -2500. In

the storms studied in Albuquerque, the charges were between
4 -and ‘7 kilometers above the surface or approximately 2 %o
5 kilometers above ‘the cloud base. These results are in
agreement with charge elevations previously reported by

the writers. No concentrations of positive charge were
found near the base of the cloud, as has been reported

by Simpson and his collaborators,

3, The mean vertical separation. of positive and
negative lightning charges is less than 1l-kilometer and
their mean horizontal separation is of the order of 3
kilometers., @This result indicates that intracloud strokes
are, in general, more mnearly horizontal than vertical.

4, All cloud-ground strokes studied transported
negative charge to ground, in agreement with p¥evious
observations of the writers and other recent observations.

5. A study of the distribution of charges shows that
it is possible to idoentify definite regions of charge that
persist for intervals from 10 %$o0 more than 30 minutes,
These regions travel with moving gtorms and have approxi-
mately the same velocity as the heavier rain sheets under
the cloud. The heavy rain sheets are usually found in
the vicinity of the asctive charge.regions. In the one case
when 1t was possible to compare the average velocity of
the charge regions with the average wind velocity at tho
charge .loevels in advance of the storm, the two velocities
agreed within 10 percent.

6, BEvidence supplied by the storm of Septemdber 10
shows that the negative charges lie in the regilon of the
updraft and that positive charges are displaced upward and
away from the negative charge in this reglon, Turther
evidence on this point is found in the storm of Adgust
15, The negative regions are cocherent and positive
charges are found on both sides of the negative regions.
It might be assumed that tho more coherent region was
associated with the updraft, ) i

7. Cloud-ground strokes are more frequent in the
earlier stages of -the development. of an active regilon
of the thunderstorm. As an active region ages, the
lightning strokes becomse predominantly or exclusively
intracloud strokes., The aging is also characterlstically
assoclated with a decrease in stroke frequency.
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"DISCUSSION OF THUNDERSTORM STRUCTURE

The data presented are consistent with the following
suggested thunderstorm pattern, - In an active region of a
thunderstorm, the charge-generating process occurs in the
updraft and is associated with condensation forms of more
than one phase. The positive charges are carried upward
with respect to the negative charges. Near the top of the
air fountain, where the vertical motion of the air is small,
the positively charged particles begin descent in the vicin-
ity of, but outside, the main updraft. As suggested by C.
T. R. Wilson (reference 1) this action would make the essen-
tial polarity of the thunderstorm positive upward. The pos-
itive charges, however, do not exist in large concentration
in the highest portions of the cloud. Ropeated attempts by
the writers to detsct charge in the thunderstorm anvil that
extends well in advance of the main body of the storm have
beon made with a sensitive generating voltmctor capable of
measuring gradients of 0.1 volt per centimeter. No sizaif-
icant change in the gradient has been observed with the
envil ovurhead until the main storm becomes sufficiently
close to allow the charges at about 7 kilometers above the
surface to account for the altersd gradiont.

As positive charges return toward the level of the
negatvive charges, freguent lightning strokes occur between
the cloud charges of opposite sign. Since the posiitive
charges are descending from above, the chance that an intra-—
cloud stroke will connect a higher positive charge with a
lower negative charge is greater than for the reversec situa-
tion. 1In the most vigorous phass of the life of an active
region while the updraft is strongest, the positive charges
are carried to greator heoights and both the horizontal and
the vertical scparation of the charge are large. Under these
circumstances, discharges from the negative rocgion to ground
arc frequent., As the active region ages, the updraft wealens
and the separation of charges is less. In this stage, the
intracloud strokes predominste. Some nearly vertical intra-
clond strokes might be expected in the air.fountain and the
wrlters previously have observed some of these in the earliast
stages of the storm. The fact that relatively few strokes of
this type are observed in a well-developed storm may be due
to & continuows wvariation in the relative concentration. of
positive and negative charges in the region of charge sepo~
ration that would result in low gradisnts aebove the nosative
region., Below and to the side of %the negative rogion those
conditlons would not prevail,
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Since all of the observed cloud-ground stpokes carry

negative charge downward, not all of the positive charge
. in the active reglon would be neutralized by intracloud

strokes, and the rain that falls in the vicinity of the
updraft during its most active periosd should be positive.
Turbulence that exists toward the edge of the updraft
should transport some negative charge osutward ss that the
reglion of negative charge would tend to2 be larger than the
main updraft itself, '

Because negatlive reglons are associated with regions
of rapild upward vertical motion, examination of the storms
on August 15 and September 3 lead to the following inter-
pretations. In any extensive and well- developed storm,
several strong updrafts may exist, These régions have
a certain dynamical stability, may exist for periods in
excess of half an hour, and tend. .to move with the Dbody
of the storm. The relative positions of negative regions
indicate that updrafts may have a horizontal separation
of less-than 4 kilometers, This' cellular struciture has
been evident—in. delayed-action motion pilctures of storms
that have been taken by the writers during the past four
seasons. Further study of this aspect of structure is
contemplated during the next thunderstorm season.

Two observations in complicated storms are of special
interest: PFirst, negative regions tend to move more rapidly
than positive regions; and, second, more negative than
positive regions can be identified}' While the data obtained
are not adequate to give unigue explanation of the observa-
tions on exceedingly complicated thunderstorm phenomensa,
some possible explanations of the phenomena are suggested.
The relative horizontal displacement of the positive and
tho negative regions is probably determined by asymmetries
in the complicated wind system within the cloud that pro-
duces asymmetries in the air fountain. It may be assumed
that in & moving storm the upper part of the c{pud tends
to suffer some shear with respect to the base in the direc-
tion of motion. Ice particles from the top of the fountain
would tend to be displaced forward with respect to the
main updraft and fall ahead of it. In accordance wita the
Bergeron-Findeisen theory of precipitation, the ice particles
vould grow at the expense of supercooled water droglcts as
they descend toward the base of the cloud because of the
difference in saturation vapor pressure of ice and water
surfaces at the same temperature below freezing. The lib—
eration of the latent heat of fusion of. the supercooled
drops would warm the air in advance of the updraft. This
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warming would produce a tendency toward instadility,
especially if the concentration of droplets 1s greater

at the lower levels, If a saturation adiabatic lapse
rate existed in the cloud, the process would produce
vertical instability and favor the forward development

of the region of the updraft. The updraft in developing
in a forward direction would have a larger phase velocity
than the positlive regions of the storm. This explanation
of the phase development of the updraft would account for
the somewhat irrsgular behavior of storms that develop in
a region where wind velocities are small,

As the 1lce particles in a precipitation sheet fall
into the base of the c¢loud, below the 0°C isaothermal sur-
face, they begin to melt and cool the surrounding air as
& result of the extraction of the latent heat of fusion.
If an adiabatic lapss rate already existed in the space
below the base of the cloud, the cooling gt the upper
side of thls layer of air would produce instablility be-
neath the cloud, the cooling at the upper side of this
layer of air would produce instability beneatihr the cloud.
Such a process has previously been suggested as a possible
cauge of tornadoes under intense storm conditions. In a
lesger degree in ordinary thunderstorms, the process may
account for the developmant of new active centers, perhaps
at the edge of positively charged regions whoere subsidencs
of precipitation forms occurs. Region 5 in the storm of
September 3, for cxample, may have developed in this way.
The multiplicity of active centers in a storm may be due
to instabilities produced by an original active center by
such a process. The storm would then continue to grow
until the vertical mixing of the air reduced the storm
potential energy to the point where it ceased to exlst
as a thunderstornm,

Although the regults of the study do. not lead to ]
a clear-cut theory of the charge-generating process in
a cloud, the observations throw some light on the subject.
The principal thunderstorm charges are produced in a region
of ice forms and supercooled droplets where the temperatures
are between -5°C and ~259C, It 1s, therefore, improdable
that the original unmodified Simpson breaking-drop theory
is a satisfactory explanation of the production and the
distribution of the major thunderstorm charges. Simpson
and his collaborators have rscognized that this is probably
the case in the higher thunderstorm charges but present
evidence for the existence of a region of positive charge
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near the base of thunderstorms, below the 0°C isotherm,
where the exlistence of the breaking drop process seemns
morc probabla, No such active region has been found in
the current study and the results must be interpreted
to mean that, i1f such a region exists, it does not{ Iln-
volve large charges that are frequently- drained by
lightning strokes, It is, of course, possible that the
thunderstorms studied at Kew by Simpson and others are
gufficiently different from fthe Albuquerqus stormg to .
account for the difference in ebservation., The Kew

storms had charactsristically low bases and the 0°C iso-
therm was well up in the cloud, so that a rolatively

large volume of water droplets could exist, The Albuquorquo
storms, on the other hand, had characturistically highoar
bascs and the 0°C isotherm was much closer t» ths base of
the cloud, Graating that some differences in storm con-
di*tions exist-and also that the breaking~drop process can
and probably does exist in some reglomns of the thunder- e
cloud, it seems doubtful that this process is the funda- .
mental cause of the production of the major thunderstorm S
charges. : o . B

Some other observatlons made in the course of the
study are of incldental interest. The observation that
all cloud-ground strokes transported negative chargs to
ground suggests that during appreciable ilntervals of the L
life of a thunderstorm the net—thunderstorm charge 1is
positive, This fact suggests that the Wilson induction .
theory of charge production may explain part of the ob-
served thunderstorm phenomena, Furthermore, this fact,
may well account—for the observations at Kew Observatory
that- the rain from thunderstorms carries a net positive
charge, It-also lends support to the theory that—thundsr-
storms, which are continuously in progress in some region
of the earth, are responsible for the negative charge of
the earth, If, in every thunderstorm, only the negative
charges were carried to earth by llghtning and the posltive
charges more gradually returned by’ rain, the ncgative
charge on the sarth at any one time should be approximately
equal to the sum of the net positive thundercharges of the
storms -then in progress, ¢

Another point of meteorological interest is the anti-
cyclonic curvature of the paths of the thunderstorm charge ‘-
regions, It is a well~known result in dynamic meteoroclogy
that, when winds blow over mountain ranges, a reglon of
high pressure is produced on the windward side and a region
of low pressure on the lce side of the mountains, As a
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result of the creation of the pressure ridge and trough,
the winds tend to curve antigyclonically on the windward
side and cyclonlcally on the lee side of the mountain
range. In the storms of both August 15 and Septemder 3,
the winds had a W component blowing the storms toward

the Sandia range east of the field. The curvature first
became evident about 10 kilometers west of the base of the
mountains and 15 kilometers west of the ridge. The storm
speeds of both days were about 20 kilometers per hour
although on August 15 the prevailing winds at thunder-
storm levels were from northwest whlile on September 3
they were from the west. The observation indicates that,
while the thunderstorm may be a major local disturbance
of the wind pattern, its general motion is governed
approximately by the prevailing winds if they are strong
and essentially in the same direction at all levels.

The thunderstorm of September 10 did not follow the
strong upper winds but the wind pattern in the lower levels
was quite different from the usual thunderstorm wltnin a
single alr massg as noted previously.

REMARXS ON DISTRIBUTION OF GRADIENTS WITEKIN

A STORM AND AIRCRAFT SAFETY

While it is evident that in a complicated storm con-
dition the detailed prediction of the distribution of grad-
ients is impossible, the dats on charge location Just

.described make possible estimates of the order of magnitude
of the gradients and fthe approximate regions in which thse
.gradlents aré greatest and in which the gradlents are
changing mosgt rapidly,

Not all of the charges that are shown in the charger
distribution diagrams exist simultaneously in a storm.
The interval between successive large lightaing strokes is
of the order of a minute or more and two large strokes
usually -do not occur in the same vicinity within an inter~
val of several minutes, It was assumed, therefore, that a
single dipole with & charge magnitude somewhat above the
average observed would serve as a satisfactory basis for
estimating the order of magnitude of the gradient distri-
butions within the body of the storm at any one instant.
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.Four vertical sectigns of & stqQrm were -prepared to
show the distribution of gradients for Z3-coulomd charges
if no ‘other cloud charges or space charges 'existed in "the
storm.. Figure 15 'shows the digtribution of vexrtical gradi-

ents for: -(a) a single B33-coulomb charge at—5 kilometers

above the surface; (b) two 33-coulomb charges of opposita
slgn at 5.and 8 kilometers above the surface, respectively,

.and with a horigzontal separation.ef 3 kilometers. The two

remaining diagrams. .(fig. 16) show the horizontal gradient
distribution for :the same .charges. The single-charge
pattern repressnts gpproximate conditions 1if .one charge isg
at considerable -distance from- others, and the dipolec patturn
represents a characteristic situation as found in the storms
studied. The continuous curves connect points with equal
horizontal or vertical gradients and the numerical values
are in wolts per centimeter. :

Inspection of the diasgrams shows that the maximum
vertical gradients exist immediately above and below ‘the
charge concentrations, and the maximum horizountal gradients
exist at the same level as the charges. If a thunderstorm
volume of 1000 cubic kilometers and the dipols shown in
figures 15 (b) and 16 (b) are assumed, the region in which
vertical (or horizontal) gradlents. of 100 volts per cent-
meter or more would exist would be less than25;percent of
the cloud volume...The region 4in which yertical gradlents
of more than 300 volts per centimeter would exist is less
than 10 percent of the total volumé.

If the charges shown in the figures were surrounded
by space~charge envelopes, ths gradients everywhere out-
side the envelopes wonld be .decreasged. For example, if
spherical symmetry is assumed and if a space-charge enve-
lope contained a charge equal to one-half the cloud chargze,
the gradients outside the envelope would be raeducsd to 50
percent of the values shown. It should be noted, however,
that if a large space-charge is assumed the gradients pro-

“duced by the space.charges themselves after a lightning .

str¥oke oOccurs would be opposite in sign to those existing

‘beforé the stroke.. In the case just citod, with a space
_charge equal .to one~half the cloud. charge, immediately

after a stroke the gradients would have the same magnitude
but~wduld be opp051tely directed. :The lerger the assumed
space charge, the larger the gradients after the stroke,

It may, therefore, be concluded that even if.an appreéciable

“space charge around the cloud charges is assumed, gradients

of the order of magnltude shown will exist at—some time
elther preccding or following the lightning discharge.

iy -
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It is obviously impossible to predict in._detail what
other cloud charges may exist simultaneously with the
charges shown in the diagrams. It seems unllkely, how-
ever, that the existing gradients w1ll be of a different _____
order of magnitude. - .

Simpson and Scrase (reference 2) and Simpson and Rob-
inson (reference 3) claim that they did not observe vertical
gradients greater than 100 volts per cent imeter in most of
their soundings in thunderstorms. They further polnted out
that the vertical gradient did not change rapidly with
height beneath the cloud. Considering the last-meantioned
point first, it should be noted that rapid -variation of
vertical gradient with height near the surface would not.

'~ be expected, even if no space chargoe were assumed. With _
the charge distributions chosen, the vertical gradient 1is .
nearly constant under the cloud . base except directly under

the charges where they may increase by a factor of two as o
the cloud base 1is approached. With respsect to the order

of magnitude of the gradients observed, Simpson and his
collaborators emphasize that their vertical-gradlent re-

corder, the alti~electrograph, is reliable with respect

to sign of the gradieant but 1ndicates o2nly correct orders

of magnitude and not precise quantitablvo rosults. With

thisg fact in mind and recognizing that, on any simple _
assumption, large gradients are not to be expected except

fn smell thunderstorm volumes at any dne time, the suggested
distribution of gradients previously discusseéed are not nec-
essarily in disagreement with the alti-electrograph records.

One of the principal dangers to aircraft in thunder-
storms is the chance that the craft maj,becomq_parﬁ of a
lightning channel. Even with all-meftal airplanes whare
the structual damage due to lightning is reduced to & midimum,
the danger of visual or aural shock %o the pilot and of dam-
age to tho instruments remains. Two cases of lightning
strokkes to airplanes may be distinguished: (1) The airplane
becomes part of a channel that originates at somec distance
away; (2) The airplane becomes part. of & channel that the
airplenc itself may have originated. . .

In considoratign of the first cnse, it may be noted that
proesont theorics of lightning propagation indicate that
lightning strokes in particular, leador strokes propagate
themselves as a result of prooesses occurring near the tip
of the leader, Thus, 1f the airplane is far from the region
of lerge charges where the lightning channel originated, it
would not become part ‘of the stroke unless it were, by chancs,
within a distance of the channel of the order of magnitude of
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the linear dimeneions of the airplene itself, On this
assunpbtion a transport airplane flying at normal cruising
speed under the storm of August 15 at the—height of its
activity would have less than one chance in a thousand

of being struck,

The second case would occur in the vicinity of the
charge concentrations that ordinarily are drained by
lightning strokes, In the high electric fields in the
vicinity of these chargos the. airplane would develop
corona discharges from parts of its structure with high
curvature. The corona might well develop into a leader
stroke, thus maklng the airplane a part of the stroke that
it aided in originmating. The probablility of 'this occurrence
cannot.be readily estimated. It clearly would be greatest
in the regions where large charge concentrations are de-
veloping and in these regions, doubtless, it would bc moro
probable than would be the chance of a lightning strike
duo to tho first cause described.

As a result of these consider~tions, it appears that
the maximum danger of lightning strokes to airplanes is in
that region where the potentiaml gradlents are greatest and
are changing most rapidly with plane dlsplacement Flgures
15 (b) and 16 (Db).show that these regions are host likely
to occur where the temperature is betweon -5°¢ and ~25°G.
Since it is not, 1n general, feasible to-fly over these
regions unless an airplane is equipped with oxygen or a’
pressure cabin, the safest procedure (if flylng through
a storm region is inevitable) is to fly as low as the
character of the terrain permits, It 1s generally safer
to fly below the cloud base away from regiong where the
rain sheet is heaviest and cloud-ground 8trokes are most
froquent, If flying through the cloud is necessary, fly-
ing below the levael of the 0°C isotherma] surfacc is In-"
dicated. ’

It is of interost to note that radio static due to
corona discharge wlll be a minimum in those regions:'®just
noted in which flight is safest.

CONCLUSIONS

From the time histories of thunderstorm charge dig-
tribution during three storms occurring in the summer of
1940 in the vicinity of the Albuguerque airport obtained
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from eight synchronized recording slectromsters arranged
in & particular pattern over a field 1.6 kilometers abdaove
sea level, it has been concluded: :

l. The method of obtaining and analyzing electrical
data described is adequate to determine the sign, the
magnitude, and the position of the electric charge or
charges associated with each stroke. '

2. The average charge neutralized was 6.5 coulombs
per stroke slement and 24 coulombs for a complete light-
ning stroke.

3., The weighted average height of the negative charges
was 5.3 kilometers and of the poslitive charges was 5.8 kilo-
meters above the surface; that 1is, the mean vertical separa-
tion of charges was less than 1 kilometer., The heights
actually ranged between 4 and 7 kilometers and included the
region where the temperature is between -5°C and -25°C.

4, Forizontal separations between charges involved
in an intracloud stroke varied between 1 and 10 kilomoters,
The weighted mean value was 3 kilometers.

5, Cloud-ground strokes were observeéed only on August
15, and all of these strokes transported negative charges
to the ground. This result is in agreement with those of
previously reporited observations.

6. A study of the distribution of charges showed
that it was possible to identify definite regions of
charge that persisted for intervals from 10 to more than
30 minutes. These regions traveled with moving storms
and had approximately the same velocity as the heavier
rain sheets., In the one case when it was possible to
compare the average velocity of the charge regions with
the average wind velocity at the charge levels in advance
of the storm, the two velocities agreuvd within 10 percent.

7. Evidence supplied by the storm of September 10
showed that the negative charges were in the region of the
updraft and that positive charges were displaced upward
and away from the negative cherge in this region., PFurther
evidence was found in the storm of August 15. The negative
regions were coherent and positive charges wsre found on
both sides of the negative regiomns. The svidence is con-
sistent with the hypothesis that the more coherent region
wasg associated with the updraft.
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8. Cloud—-ground strokes wers mgre frequent in the
earlier stages of the development of an active region of
the thunderstorm. As an active region aged, the lightning
strokes became predominantly or exclusively intracloud
strokes. The aging was also charapteristically asgoclated
with a decrease in stroke frequency,

. 9. The maximum vertical potentlal gradients existed
immediately above and balow the charge concentrations, and
tho maximum horlzoutal gradients existced gt the same level
as the charges.,

16, One of the principsl dangers to aircraft in
thunderstorms is the possibility that the craft may be-
come part of a lightning channel, This p0351b11ity is
greatest in regions where the potentlal gradlents are
greatest, The present investigation showed that these
regions are most llkely to occur whera the temperature
is between -5°C and -25°¢.

University of New Mexico
Albuquerque, New Mexico, May 6, 1942,
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TABLE I

STORM OF AUGUST 15, 1940 - SUMMARY OF CHARGE ANALYSIS

Type Charge coordinates Q
. Time of magnitude
(hr:min:ssc) stroke * p of charge
(a) (v) 4 .
6:28:21a G 6.6 6.2 ~6.5 4
:28:21b G 5.2 6.3 -5,5 5 * -
:28:21lc G 6.1 5.7 -6.5 4
:28:21d G 5.7 6.5 -8.5 6
128:21e ¢ 0.5 9.0 | -6.0 | 2,5
:128:55a ¢ 4,5 2.5 7.0 1.5
5.6 7e2 ~-5,5 '
:128:55D C 9.5 3.0 6.5 2
5.7 2.5 -6,0
130:14a c 1,3 ~0,8 7.0 2.5
. 7.4 2.0 -€.0
:30:14D o] 9.0 4.9 6.0 10 .
6.7 4,5 ~5.0
1 30:14c C 4,4 2.5 7.0 2e5
6.0 3.3 "6.0
131:25a G 5.9 6.2 -5,b 12
131:25¢ G 6.7 6.3 —-6.0 5 -
£ 31:264 G 7.3 5.3 -5,0 12
133:49a G 5.8 4,4 -5,0 &
:33:49b G' 606 H 506 -6.0 5
1 33:4%¢ G 5.5 6.5 -6.0 6
1 33:494 & 5,0 5.0 -6.0 4
:35:13a G 6.3 ‘4.8 ~5.,0 6
:35:13¢c G 4,3 4,3 7.0 12
5to 6.2 “'600
:35:46a G 6.4 3.7 ~7.0 5
:36:30a ¢ 0.9 0.0 7.0 1
Teb 0.8 -6,0
:36:300 G 5.1 2.7 -4,0 4
137 :144c¢ G 72 5.3 ~-4,5 4
$139:48a o] 4,0 4.5 7.0 10
6.8 5.8 -6.0
:39:48D C 6.9 7e2 7.0 3
4.8 5.6 -6.0
t40:18a ¢ 5.0 -0.3 7.0 6
5.4 0.7 -6,0
:40:18b o] 4,3 1.9 6.0 1
! 4,9 4.4 ~-5.0
See footnotes at end of table.
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TABLE I (Continued)

37

STORM OF AUGUST 15, 1940 ~ SUMMARY OF CHARGE AWALYSIS

Q

See footnotes at end of tad

S,

Type Charge coordinates
Time of magnitude
(hr:min:sec) stroke x ¥ z of charge
(a) () ‘
6:40:18¢c ] -2.7 8.3 6,0 2
5.2 4,1 -5.0
:40:38a C ~-11.4 3.0 7.0 8
: 6.5 6.0 4,5
t41:13a G .3 362 7.0 8
9.3 2¢3 -5,0 '
341:13b C 2.2 4,3 {4 7.0 5
2.1 7.0 -6.0
:141:13c C 38 2.8 7.0 2
37 6ol -6.0
141:52a c 4,7 -0.3 5.5 4.8
8.4 -1l.5 -4.5 .
t142:13a C 3.0 6.0 6.0 10
4.0 7.9 -5.0
:42:36a C ~7.2 5.4 6.0 10
5.0 3.7 ~5.0
:43:18D C 4,3 3.1 T7.0 5
5.1 6.3 ~-6.0
t44;:1la c 4,0 6.8 6.0 25
5.0 TeT -5.0
:44:11b C 6.8 0.5 6.0 5
9.2 2:6 -5.0
:45:3ba c 5.8 4.6 7.0 15
7.2 6.3 —~6.0
$345:35D c 5.5 2.3 7.0 6
9.3 B3e2 -6.0
146:26a c -643 4,0 6.0 8
-8.0 4,6 -5.0 _
463260 c -3.2 2.6 6.0 4
—~T7e3 5.6 -6,0
t46:26¢c c -4,7 2.7 6.0 8
- -9-5 106 "5.5
t46:46a G 8.8 5.0 -5.0 2
:46:46b G 8.5 1.8 -5.0 1
146:464d ¢ - 9.3 3.2 -5.0 .25
:148:20a g 8.6 l.4 ~6.0 1
148:20D G 7.3 5.0 ~-5.0 1
:148:20c G 6.9 1.2 ~-6.,0 3
1
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TABLE I (Continued)

STORM OF AUGUST 15, 1940 - SUMMARY OF CHEHARGE ANALYSIS

Type Charge coordinates Q
Time of : nagnitude .
(hr:min:sec) stroke _ . B of charge
(a) (v) x ¥ Z
6:48:204 e 8.4 2.9 ~6,0 1
:48:20e c 5.8 0.5 7.0 | 2
4.8 1,1 -6.,0
:48:20f G 6.6 2.7 -5,0 4
:49:02a c 5.5 1.1 6.0 12
4,7 -0,86 -5.0 |
149:39b e} 13,0 1.6 -4,5 | 1
:50:0584a c 6.8 4.5 6.0 25
8.0 5.3 | =5.0
:55:056a C 77 C.7 6.0 10
3.8 ~1.6 -5,0
£55;05D o] 5.8 B3 6.0 1 -
8.8 3.9 “‘5.0 i
3157:18b C 8.8 4.6 6.0 | -7
7.7 2.1 -5,0
:59:4la ¢ -1,0 7.6 5,0 90
l.l 8.9 "'4.0
7:01:36a c ~0.1 2.0 3.5 20
0.7 2.0 -300
:02:20a C 7,0 3.7 5.5 30
7-4 5.2 "4.5
:05:47a C 6.3 0,4 6.0 8
9.5 0.6 ~5.5
:05:47D 7.3 1.1 5.0 6
9.7 0.2 -4,0
:105:47¢ C 9.4 0.0 6.0 11
10.4 0.4 -5.0
:09:260b c 9.5 0,2 6.0 33
10,0 ~-0,7 -5,0
:113:27a C -3, 4 9.4 6.0 4
-4,2 4.0 -5,0
t13:27b C 2.7 8.5 6.0 15 )
2.8 8.6 _500

(a) Letters indicate particular stroke elements
(b) G, cloud-to~ground stroke
Gy cloud-to-cloud stroke
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TABLE II

STORM OF SEPTEMBER 3, 1940 - SUMMARY OF CHARGE ANALYSIS

Type Charge coordinates ! Q
Time of magnitude
(hr:min:sec) stroke of charge
(a) (b) * v “
3:11:25a c -1.7 10,3 5.0 5
~1,4 5.9 | -5.0
$11:25%b C -4.1 9.0 5.0 6
~3.4 6.9 | -6.0
:115:03a C ~-2.3 -4,5 5.0 5
4,2 -2.0 | =5.5
$15:03D c -2.8 -6.0 5.0 25
—2.5 "305 —5.0
:15:03¢ c -4,.2 -4, 4 5.0 33
""408 ""8.0 "'5.0
:15:034 c 1.6 6.2 6.0 8
4,7 8.8 | -5.5 o
:15:03¢F ¢ 1.0 9.0 5,5 12,5
-2.8 4,5 | -4.5
:15:104a Cc ~1,.8 6.8 5,0 5
-2.1 6.9 | -5.0
$15:10% C -5,4 . 4.7 5.0 2
-5,9 2.5} ~-8.0
:16:260 .C -6,8 7.0 5.0 5
- "5.9 5'9 "'6-0
:18:26¢ C -8.4 4.8 7.0, 7
~-7.0 3.7 1 -7.,0
:16:59a c 0.8 6.0 5.0 31
1.9 8.2 | -5.0
:16:590b ¢ ~-1.9 6.2 5.0 15
- -3.8 4,3 | ~4.,5
2117 :45a C ~0,8 8.0 5.0 2
-4,0 ~ 4,0 | -6,0
:17:45D ¢ ~7.9 5,0 ‘5,0 30
-6.7 4,31 -6.0
117 :45¢ C -4,0 7.0 6.0 5
-2.0 4,01 -4,0
:+18:51a ° c - -5.,0 5.0 6.0 5
-1,2 3.8 | ~5.5
+18:51b ¢ 0.0 -4,5 5.0 13
-3.8 -4,2 41 -5.0

See footnotes at end of table
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PABLE II (Continued)

STORM OF SEPTEMBER

SUMHMARY OF CHARGE AFALYSIS
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Type
of
stroke

(v)

Time
(hr:min:sec)
(a)

-

"3:19:00a
:19:00D
:19:00¢c
:19:56a
121:42a
t21:420
122:12a
:123:29a
:123:49%9a
$123:490b
t124:48a
1251350
:126:07a
:37:01la
t27:29%a
:27:29D
:28:01a
:28:01D
t128:36a

1

footnotes at end of table

Ses
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TABLE II (Continued)

41

1940 -~ SUMMARY OF CHARGE ANALYSIS

i
i
t

1
1

Type Charge coordinates ]
Tire of magnitudes
(hr:min:sec) |stroke . o of charge
(a) () * v %
3:29:49a C 4.0 7.5 6.0 1
3.0 6,0 I -5,0
131:14a c 3.0 g.7 | 6.0 50
6.7 3.7 i ~-4,5
:31:260b o] -6.,1 1.9 6.0 8
-8.,0 4.2 ~-5.0
:131:33a C 5.2 6.7 6.0 1
3.5 4,3 ~-6.0
:132:21a c 2.9 2.2 6.5 2
6.5 1.3 -6.5
136:21a c -1,0 6.0 6.0 1.5
-1.0 8.5 -6.0
:t35:21b c 0.8 74+5 7.0 5
’ -6.0 9.5 -5,0
:36:18a ¢ 1.0 | 5.7 6.0 3.5
-1l.5 9,0 -5.,85
338:31la c -2.0 4.0 , 5.5 75
~3.5 5.5 t =5.0 )
:40:34a c -5.0 4.5 7.0 100
~7.3 4,5 -4.,5
:41:48a c ~2.5 4,2 5.5 . 30
-6.2 4,9 -5.C
:144:10s C 2.2 5,0 5.0 20
6.2 5.8 -7.0
:45:008a C -2.0 3.7 6.5 2
-0.8 9.8 -5,5
:45:00%b C ~2.8 5.5 5.5 10
-2.,3 10,2 ~-5.,0
:47:06a ¢ -2.5 8.0 6.0 15
-2,.,8 9.5 -5.0
:47:06D C 3.2 4,7 5.5 25
8.5 3.5 5,0
:50:048a C -1,0 5.0 5.5 15
~0.5 7.0 -5.0
:54:38e C -0.6 5.6 5.5 23
0,8 8,0 5.0

(pv) @,

¢, cloud-to~cloud stroke

(a) Letters indicate particular stroke elements
cloud-to-ground stroke
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TABLE III

SUMMARY OF CHARGE ANALYSIS
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TABLE III (Continued)

SUMMARY OF CHARGE ANALYSIS

1840 -~

STORM OF SEPTEMBER 10,

Q
magnitude
of chaxrge

o~ I <H aQ o @~ a ¢ t o aQ < 0 (34 (4] SV

Charge coordinates
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Type

of
stroke

(b)

Time
(hr:min:sec)

(a)

4:50:07¢g

:150:07h
:50:071
:150:073
t52:12a
:52:12b
:523:12%F
:152:12g

52:12h
:52:121
:52:12)
:52:12k
:55:19a
:55:19b
:56:19¢c
:55:19d
:55:19%e
:55:19f¢F
:55:19¢g

See footnotes at end of table.
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TABLE III (Continued)

SUMMARY OF CHARGE ANALYSIS
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STORM OF SEPTEMBER 10,
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TABLE III (Continued)

STORM OR SEPTEMBER 10, 1940 - SUMMARY OF CHARGE ANALYSIS

Type Charge coordinates Q
Time of magaitude
(hr:min:sec) stroke . : of charge
(a) (b) x 4 g
5:01l:51la C 7.8 4.9 5.5 2
5.0 2.0 -6,.,5
:01:510 C 9.2 3.2 5.5 10
5.5 1.2 -6.0
:01l:51c c 5.4 7.5 5.5 1.5
3.2 2.4 -6,0
:01:514 C 7.6 5.3 5.6 10
5.0 3.3 -6.0
:01l:51e C 8.4 6.3 5.0 3
3-8 2.7 ""5.5
:01:517f C 3.9 8.6 5.0 3
3.1 4,2 -5,5
:0l:51lg c 0.9 10.3 5.0 o7
3.8 3.7 -5.0
:03:22a c 7,8 6.2 5.5 2
4,5 2,9 -6.5
:04:172 C 5.2 9.5 4.5 3
4.8 3.6 -7.0

etters indicate particular stroks elements
cloud-~to~ground stroke.

a) L
b) @
¢ cloud~-to~cloud stroke,
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TABLE 1V

HEIGHETS OF ISOTHERMAL SURFACES AND CLOUD BASES

Storm August 15 September 3 September 10
3 Tempera~ |Eleva~ | Tempera~ Eleva~ | Tempera-|Zlava~-
ture tion ture tion ture tion
(°c) (km) (°c) (km) (°c) (m)
Surface 28.4 0 23.9 0 17.2 0
Cloud Base 4,2 2.4 5.7 1.756 9.8 l.4
0 3.2 0 2.7 0 3e3
-10 4,8 -10 4,4 ~10 4,95
-20 6.2 -20 5,95 -20 6.4
-25 6.9 -25 6.7 -25 7.1
TABLE V

CHARGE HEIGHTS AND CLOUD TEMPERATURES

Mean Mean Temperature
height height range in
Storm _positive negative charge region
chargs chargs
{(km) (km) (4-7 km)
August 15 5.8 5.0 -5° to0 -25°¢
September 3 5.7 5.0 ~79 to -27°0
September 10 5.7 6.2 -4% to0 -24%
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TABLE VI

WIND VELOCITIES AND DIRECTIONS AT 3:00 p.m.

47

August 15 September 3 September 10
Height Veloecity Direc~ Velocity|Direc— | Velocity! Direc-
(km) (m/sec) | tion (m/sec) | tion (m/sec); tion
0.0 03 SW 03 WNW 11 ESE
B 04 W 03 NNW 11 ESE
1.0 04 WHW 02 W 06 SE
1.5 086 NW - 05 WHW 04 WSW
245 03 NRE 05 WHW 05 W
3.5 03 N o7 WSW 08 W
4,5 06 NHNW 10 WSW o7 NV
5.5 05 NNE 10 WNW
6.5 03 W 1l L]
7.5 07 w 19 W
8.5 11 W . 32 W
9.5 14 WHY 26 W
10.5 16 NW 26 W
11,5 08 NNW 32 w
12,5 Q7 W 36 W
13.5 09 NNE 20 W
14,5 08 N
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R Recording apparatus
S Pivot for L (vertical shaft)

E ZFlectrode
L ILigd

Figore 1,~ Typical field-apparatus installation.



NACA Technical Note No. 864 Fig. 2

B
+>
8
g
(o]
d *
=
B —_— &
o
(=]

A

(a) Occurring in less then .0l sccond _

Time

Figuroc 2.~ Responses of recording apparatus %o potontial-gradient changes.

Displacament

M Lo = e e e e g

(b). Occurring in %> .01 second

Time SR



NACA Technical Note No. 864 Figs. 3,4,6

Figure 6.~ Three convex

surfaces for
100-coulomb charges at
altitudes of 3,4, and 5
kilometers.

Figure 3.~ Contact prints of original film records
for characteristic gradient changes
occurring during lightning strokes,

Figure 4.- Analyzer for determining charge structure

producing any glven set of gradients at the
recording instruments.
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Figs. 9e,10
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Figs. 1l3f,g
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Figs. 15a,b
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